PULSE OPERATION
ABSTRACT A linear UHF broad-band power amplifier, utilizing a type X2135J focused-beam power triode with a doubletuned anode resonator, was designed, built and tested. The X2135J development model was similar to the type 8938 triode but was modified for higher thermal and electrical conductivity.
The tube-cavity combination gave 1200 watts of CW output over a minimum instantaneous bandwidth of 11.17 MHz, with 11 to 12 db of gain.
The plate efficiency was 54 percent; the amplifier was mechanically tuneable over a 225 to 400 MHz band.
Pulse tests were made with more than 12.5 KW output, with 10 percent duty and 10 millisecond pulse width.
Pulse power gain was 11.2 to 12.3 db at the 11.3 MHz bandwidth.
Linearity (intermodulation distortion) measured by the two-tone method were degraded 10 db at 400 MHz compared to low frequency (2 MHz) results; further effort would be required to assign a cause and improve linearity at UHF frequencies.
CIRCUIT DESIGN
In order to meet the design objectives for the bandwidth and frequency range a double-tuned plate resonator circuit is used.
The primary circuit is connected to the tube and the secondary circuit is connected to the load.
The primary circuit is a transmission line segment shorter than a quarter wavelength at the frequency of operation.
The characteristic impedance of this line was chosen for the best compromise between bandwidth and a practical physical length.
In general, for a quarter wavelength cavity structure, the higher the characteristic impedance, the greater the bandwidth. A high characteristic impedance transmission line '•"•as less distributed capacitance therefore, less stored ene^y yielding greater bandwidth. For a giver, inductance per unit length of transmission line, the lower the capacitance in the same length, the higher the characteristic impedance of the transmission line. Also, the lower capacitance per unit length means lower stored energy and therefore greater bandwidth.
All coaxial transmission line tuned circuits reduce the bandwidth attainable from a standard LC circuit by a calculable amount.
The circuit designer must make compromises between bandwidth and the physical length.
The equations:
where: X = Inductive reactance of line the segment X = Capacitive reactance of the tube loading tne line Zo = Characteristic impedance of the transmission line segment 0° = Length transmission line in electrical degrees are us_d to determine the physical size of the tuned circuit. It can be seen that while a high Zo is advantageous from a bandwidth point of view, it is not necessarily so for convenient physical size. The tuned circuit must have sufficient size to provide taning and output power coupling arrangements.
The secondary, of the double-tuned circuit, is again a transmission line segment loaded with a variable capacitance. The length of the line segment is variable, and less thr.n a quarter wavelength long.
Capacitive coupling is used between primary and secondary circuits.
By adjusting the line length, the variable capacitor and the coupling controls, it is possible to vary the L to C ratio and loading to provide the proper plate load resistance for the tube and the desired bandwidth.
The data tabulated in Figure 1 provides a summary of possible choices of characteristic impedances for the plate circuit resonator.
There are three major considerations when making the choice. They are:
1. Are the tubing sizes required commercially obtainable? 2. Does the design yield a physically attainable cavity length and diameter? 3. Is the design providing the maximum bandwidth that is practical?
Other considerations do enter into the choice such as; ease of providing for adequate cooling by conduction and forced air; ease of making tuning and loading adjustments, and ease in manufacturing of the final design.
The characteristic impedance of 46.34 ohms has been chosen as the most promising approach. It is most difficult to get the required bandwidth at the 225 MHz end of the band. Figure 1 indicates that the 46.34 ohm line segment gives a 25 percent bandwidth reduction at 225 MHz and a 10 percent reduction at 400 MHz.
A 50 ohm line segment would be better for the bandwidth requirement, but the physical length of the cavity is prohibitively short. In order to allow for this bandwidth reduction, the tube plate load resistance was chosen to provide fifteen megahertz bandwidth to the -1 dB points.
The available bandwidth at the output port is then eleven megahertz at 225 MHz.
An overcoupled double-tuned circuit with a -0.25 dB ripple was chosen.
This type of a circuit has a very good phase response and has been used quite successfully in the television broadcast industry.
To determine the operating plate load resistance for the tube, the following equation was used:
where R = 8938 plate load resistance C = 8938 output capacitance plus any stray capacitance BW = bandwidth to the -1.0 Db points
The plate load resistance was calculated with the above equation using 15 MHz as the required bandwidth as previously explained.
The above equation is from the book titled "Television Principles" by R. B. Dome.
Several other equations appear in this reference for completing the design of the doubletuned circuit. Figure 2 shows what the tube must be capable of doiaq to provide 15 MHz bandwidth at 225 MHz and at a power output of 1250 watts at the center of the band. Figure 3 shows the same requirements for a frequency of 400 MHz.
Whjle the bandwidth is more difficult to attain at 2^5 MHz than 400 MHz the efficiency is more difficult at 400 MHz.
After determining what the tubs must do to meet the objective specification, an operating line was plotted on a set of constant current lines for the tube chosen to do the job. Figure 4 shows such an operating line for the 8938. Figure 5 tabulates the results of a Fourier analysis of the plate and grid current pulses using the EIMAC Application Bulletin Five Z, tube performance computer. The data in Figure 5 is for the tube only. Ihe circuit efficiencies must still be taken into account to obiain the expected power output, total efficiency and gain. Figure 6 is a sketch of the expected voltage response across the 50 ohm load as a function of frequency. The load presented to the tube by the plate resonant circuits is a pure resistance at only one point. At the very center of the response curve the operating line as plotted on a set of constant plate current lines is a straight line. All other operating lines within the passband are elliptical. An elliptical operating line implies that the plate load presented to the tube consists of resistance and a reactance.
At the band edges the effect is the most pronounced. In a single tuned circuit operated at 3 dB down the side of the response curve, the resistance and reactive components are equal. Two main effects become apparent. First, in order to get the same power output, the plate voltage would have to be raised 1.41 times. Second, the tube plate load impedance becomes greater causing the plate current to decrease, and in the case of a tetrode, the screen current would increase perhaps to the point where the screen dissipation rating would be exceeded. Prolonged operation under these conditions could cause a catastrophic tube failure. The choice of a double-tuned circuit operating over a bandwidth between the -1.0 dB points greatly minimizes the problem of off resonance operation.
In fact, according to the work prepared by Parker (3) and confirmed by actual experience, a two element Chebyshev network with a peak-to-valley ripvie of 0.25 dB can be operated at the edge of the passband with no more than a 10 percent voltage overswing ratio I \Z\\.
PULSE OPERATION 4
The two most severe pulse operation requirements outlined in Table 1 , design objectives, are:
1. 0.10 duty @ 10.0 msec pulse width 2. 0.0625 duty ©3.0 msec pulse width The first requirement above represents a pulse power of 12,500 watts for an average putput p^wer of 1250 watts. The second requirement is for 20,000 watts during the pulse for an average output power of 1250 watts. Figure 7 tabulates the results of an 8938 operating line (Fig. 8 ) capable of meeting the specified 12,500 watts output power and bandwidth during the pulse. These data show what the tube must do.
The efficiency of the anode tuned circuits must still be taken into consideration. Figure 9 is a tabulation of the calculations based on the 8938 operating line of Figure 10 which will deliver 20,00C watts output power at the required bandwidth during the pulse. Here again the efficiency of the anode circuit must be taken into account to arrive at the estimated output power, gain and efficiency.
AMPLIFIER PERFORMANCE SUMMARY Figure 11 provides a cummary of calculated amplifier performance characteristics. The amplifier output circuit is double-tuned using sections of transmission line electrically one quarter wave xong.
GROUNDED GRID TRIODE FEHFORMANCE«
The lines are tuned to resonance with sliding shorts. Coupling between the two cavities is rapacitive and is variable to accommodate the bandwidth requirement at the various operating frequencies.
The output (secondary) cavity is capacitive coupled to the output transmission line; the capacitance is made variable so that the cavity loaded Q can be held constant for different operating frequencies.
It was decided to use transmission line sections having a square outer conductor and roind inner conductor for both primary and secondary cavities of the output circuit. The advantages of using this type of line instead of the round outer wall configuration are:
1. The mechanical arrangement used to couple two cavities is simpler.
Any desired line impedance is easily fabricated.
3. Production quantities of these are cheaper because some expensive machine work is eliminated.
4. Flat brass sheet is easier to obtain than the larger sizes of brass tubing.
5. A cavity requiring less space is obtained.
The tube output, or primary, cavity is a section of 46.3 ohm transmission line.
The outer conductor is square and the inside walls are 4.525" apart.
The inner conductor has an O.D, of 2.25 inches and also serves as the outer conductor of the tube input matching circuit.
The secondary circuit is a section of 56 ohm transmission line. The outer conductor is square with a wall spacing of 3.00 inches. The inner conductor is 1.25 inches O.D.
B. The Input Circuit
Since the amplifier tube is cathode driven the resistive -18-input impedance at the cathode is calculated to lie between 33.6 and 30.2 ohms, the exact value depends upon the power level at which it is operating. Therefore the input circuit was designed to transform 32 ohms at the tube to the desired 50 ohms at the coax input connector.
The input circuit is a length of 50 ohm coaxial line approximately 11 inches long.
The inner conductor connects to the tube cathode. The outer conductor connects to the grid and is also the inner conductor of the plate circuit. A one inch thick ring contacts the inner conductor and can be moved on that conductor. The outer surface of the ring is approximately 0.035 inch from the outer conductor and this forms the input capacitor of the pi network. The output capacitor of the pi is the cathode-to-grid capacitance of the tube. The input circuit is tuned to resonance by moving the ring on the inner conductor, in effect changing the inductance between the capacitors to establish resonance. A layout drawing of the cavity is shown in Figure 12 .
Photographs showing the amplifier cavity and tube are presented in Figures 3, 14 and 15.
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AMPLIFIER PERFORMANCE CW Operation
The operating conditions and typical test results for CW are shown in Table II .
Amplifier adjustments were made using the test set-up shown in Figure 16 ; Block Diagram of Test Set-up -CW.
Test data were taken while oper.itiang with the setup shown in Figure 17 ; Block Diagram c1 Test Set-up -Swept Band Width Measurement.
Operating conditions were as follows: Eb = 1625V, lb = 1.37A, Ec = -3V, Ibo = 0. 30A Test results were as follows: Table III. Amplifier adjustments were made using the test setup in Figure 17 ; Block Diagram of Test Setup -Swept Bandwidth Measurement.
Test data were taken while operating with the test setup shown in Figure 18 ; Block Diagram of Test Setup -High Power Pulse.
Operating conditions were as follows:
Eb -4850V, Ec = 50V, Ibo = Ima, Ef = 5.0V Duty = lO^-, Pulse Length = 10 ms. Rep. rate -10 pps Those pulse opearting conditions were selected because they represent the most severe pulse conditions listed in the Design Objectives, Table 1 . Test results were as follows: Table IV. Amplifier adjustments were made by using the test set-up as shown in Figure 17 ; Block Diagram of Test Set-up -Swept Band Width Measurement.
400 MHz test data were taken while operating with f\e test set-up shown in Figure 19 The operating conditions and test results for two-tone linearity measurements made at 2 MHz are shown in Table V . The data were taken using the EIMAC laboratory linearity test equipment.
The load impedance used was 650 ohms, the same that was calculated to exist for the 400 MHz linearity tests summarized by Table IV . The plate voltage was 1625V.
Test results were as follows: This tube was selected for evaluation and further development in the linear power amplifier, in view of the successful operation of this type in amplifiers at frequencies to 600 MHz and in oscillators at mugh higher frequencies.
The EIMAC 8938 is a coaxial based triode electron tuDe for zero-bi?s or low-bias operation at high plate voltages. The tube has a low ratio of grid-to-plate current even at high positive grid voltages. This is accomplished by use of a segmented-emitter cathode, which, in conjunction with a deep vane control grid, forms ribbon-shaped electron beams that pass between the control grid vanes, with very little interception. This triode design has high gain and high efficiency with very low feedback capacitance from anode to ca hode in cathodedriven (grounded grid) amplifiers.
The jrid-to-plate amplification factor is great enough (200) to eliminate the requirement for bias voltage in most amplifiers so that only one power supply (the plate supply) is usually required; yet the grid current at peak positive grid-to-cathode voltage can be made to bo very low. Thus the grid dissipation power will be low and high power output can be obtained.
The electrical characteristics of this triode are obtained by the unique construction of the cathode and control grid and by the geometrical relationship between the control grid and cathode. The cathode is a metal cylinder with shallow, longitudinal grooves cut into the outer surface and equally spaced arouna the periphery.
These grooves are partially filled with the thermionic electron emitter "oxide cathode mix".
The grid Is a cylindrical array of metal bars approximately rectangular in section with the narrow side facing the non-emitting metal surface ("land") which lies between the emitting grooves. The segmented cathode and aligned bar grid shown in Figure 20 provides excellent electron beam focusing and minimizes grid current interception. Figure 21 shows an axial section of the 8938.
The electrodes and electrode supports are short coaxial cylinders and cones.
They are arranged for minimum capacitance and inductance, consistent with provisions for shielding of insulator surfaces from cathode sublimation products, insulation of voltage, and thermal isolation of the cathode from the cool -31- 
